Mutations at position 187 in secreted gelsolin enable aberrant proteolysis at the 172-173 and 243-244 amide bonds, affording the 71-residue amyloidogenic peptide deposited in Familial Amyloidosis of Finnish Type (FAF). Thermodynamic comparisons of two different domain 2 constructs were carried out to study possible effects of the mutations on proteolytic susceptibility. In the construct we consider to be most representative of domain 2 in the context of the full-length protein (134 -266), the D187N FAF variant is slightly destabilized relative to wild type (WT) under the conditions of urea denaturation, but exhibits a T m identical to WT. The D187Y variant is less stable to intermediate urea concentrations and exhibits a T m that is estimated to be Ϸ5°C lower than WT (pH 7.4, Ca 2؉ -free). Although the thermodynamic data indicate that the FAF mutations may slightly destabilize domain 2, these changes are probably not sufficient to shift the native to denatured state equilibrium enough to enable the proteolysis leading to FAF. Biophysical data indicate that these two FAF variants may have different native state structures and possibly different pathways of amyloidosis.
A myloid diseases are associated with abnormal fibrillar protein deposits (1-7) from the self-assembly of misfolded proteins or peptides (3, (8) (9) (10) (11) . Both amyloid and intermediates of assembly have been implicated as causative agents in these diseases (12) (13) (14) (15) . Deposition of a fragment of mutated human plasma gelsolin (173-243) putatively causes Familial Amyloidosis of Finnish Type (FAF), a disease characterized by lattice corneal dystrophy, progressive cranial neuropathy, and skin elasticity complications (16) (17) (18) .
Gelsolin is an actin-binding protein that nucleates, caps, and severs actin filaments. Phosphatidylinositol 4,5-bisphosphate (PIP 2 ) and Ca 2ϩ ions regulate gelsolin's dissociation from and binding to actin, respectively (19) (20) (21) (22) . Human gelsolin is expressed as an 81-kDa protein in cytoplasm and 84-kDa protein in plasma (23) . The secreted protein differs by a signal sequence required for export and a 25-residue N-terminal extension. The cysteines at positions 188 and 201 form a disulfide bond in the plasma, but remain reduced in the cytoplasmic form (24) .
The mutation of Asp-187 in domain 2 to either an Asn or a Tyr allows aberrant proteolysis at the 172-173 amide bond during secretion (25) . A subsequent proteolytic cleavage generates the 173-243 amyloidogenic fragment.
Sequence comparisons and limited proteolysis defined gelsolin to be composed of six domains (26) (27) (28) . The crystal structure of horse plasma gelsolin, highly homologous to human, in the absence of Ca 2ϩ confirmed this architecture and revealed a fold common to each domain ( Figs. 1 and 2 ; ref. 29) . The fold consists of a central five-or six-stranded ␤-sheet sandwiched between a long ␣-helix parallel to the ␤-strands and a short ␣-helix almost perpendicular to the strands (Fig. 2) . The definition of domain 2 based on sequence homology and proteolysis sensitivity includes residues 150-266, whereas the structure requires that residues 134-149 be added as they form strand AЈ of the ␤-sheet (27, 29) . The crystal structure shows that Asp-187 is within hydrogen bonding distance of Gln-164, Lys-166, and Asn-184 (Fig. 2) . Burtnick et al. (29) propose that the mutation of Asp-187 could disrupt this hydrogen bonding network and destabilize the local structure resulting in 172-173 proteolysis. Ca 2ϩ -activated gelsolin adopts an altered structure. The crystal structure of human gelsolin S4-S6 (believed to be a genetic duplication of S1-S3) bound to actin and Ca 2ϩ reveals substantial domain movements (20) . S5, which forms only bridging contacts between S4 and S6 in the nonactivated form, establishes significant new contacts with S6. This movement exposes areas of S5 that are buried in the nonactivated form and suggests that domain 2 may be similarly affected on activation and binding. However, dynamic light scattering indicates that the C-terminal half of the molecule (S4-S6) undergoes significantly more bulk structural changes on Ca 2ϩ binding than does the N-terminal half (S1-S3; ref. 30 (15°C), respectively. The authors propose that the instability of the mutants alters the native to denatured state equilibrium and presents more misfolded or unfolded proteins to the protease (33). Puius et al. (34) found that the stability of this WT construct (151-266) in the presence of 2 mM Ca 2ϩ increases almost two-fold over the Ca 2ϩ -free form. However, the 151-266 construct studied lacks strand AЈ (Fig. 2) , which is integral to the structure of domain 2 through interactions with the CЈ strand of domain 1 and the B strand that contains the aberrant proteolysis site at its N terminus (29) .
The Fersht group (35) also studied the Ca 2ϩ -free form of this construct (WT vs. D187N) by NMR and observed few significant structural or dynamic differences. The C-terminal region of D187N was less structured than that of the WT, and the authors propose that the disordered tail region of the mutant exposes the *To whom reprint requests should be addressed. E-mail: jkelly@scripps.edu.
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172-173 cleavage site enabling proteolysis (35) . However, this construct lacks the AЈ strand, which may complicate these conclusions because the C terminus interacts with both the AЈ and B strands (Fig. 2) .
This work examines the stability of the FAF mutants in domain 2 constructs of nonactivated gelsolin that include the AЈ strand. The first, S2, includes the domain defined by crystallography (134-250), whereas the second, S2loop, adds the loop connecting domains 2 and 3 (134-266; see ref. 29 ).
Materials and Methods
Protein Expression and Purification. The proteins were cloned from full-length human plasma gelsolin cDNA and were recombinantly expressed in E. coli BL21(DE3) pLysS cells (Stratagene). Detailed expression and purification procedures are published as supplemental data on the PNAS web site, www.pnas.org. HPLC Analysis. Reverse phase HPLC was used to confirm the oxidized state of the purified proteins (see supplemental data for details). Ultracentrifugation Analysis. Sedimentation equilibrium data on all constructs were collected on a temperature-controlled Beckman XL-I analytical ultracentrifuge (Beckman Instruments; see supplemental data for details).
Thermal Denaturation Studies. CD studies were performed on an Aviv Model 202SF Stopped Flow CD Spectrometer (Aviv Associates, Lakewood, NJ) equipped with a Peltier temperaturecontrolled cell holder. Far-UV CD spectra were collected on WT and D187N S2 and WT, D187N, and D187Y S2loop gelsolin solutions [25 M protein, PBS pH 7.4, 4°C (10% glycerol for S2 only)] in a 0.1 cm path length quartz cell. All spectra represent averages of three consecutive steady-state scans.
Thermal melts were performed in triplicate by monitoring the change in ellipticity at 213 nm as a freshly purified protein sample was heated from 4-64°C and cooled back to 4°C (4°C steps at 20°C͞min, 2.5 min equilibration). Steady-state far-UV CD scans were obtained before and after the melt at 4°C to check for reversibility, and at 64°C to confirm the temperature-induced loss of secondary structure.
The data were analyzed assuming two-state behavior for the unfolding transition. The fraction of unfolded protein (F u ) at each temperature was calculated from the raw thermal data by using Eq. 1 and plotted as a function of temperature.
y N and y D are the native and denatured state values of the measured ellipticity at 213 nm and y is the measured signal at that temperature. The data from the triplicate experiments were fit simultaneously to Eq. 2 by using a nonlinear least squares regression analysis (37) .
⌬H m is the enthalpy at the folding transition in calories, T m and T are the midpoint of transition and the temperature in K, respectively, and R is the universal gas constant (1.987 cal deg Ϫ1 ⅐mol
Ϫ1
). ⌬H m and T m are varied and the errors reported are those obtained directly from the fit.
Urea Denaturation Studies. Preparation of WT and D187N S2 gelsolin
for fluorescence-based denaturation. Eight molar urea was prepared as reported (37) . The samples for each data point in the denaturation curve were prepared from stock solutions of protein, 8 M urea and 60% glycerol in PBS pH 7.4 and those for the renaturation by dilution from a stock solution of gelsolin in 5 M urea. The final concentration in each sample was 1 M protein and 10% glycerol (required to observe a pretransition region in the S2 construct). The samples were prepared in triplicate and Fig. 1 . Water-accessible surface area representation of horse plasma gelsolin. The color scheme is as follows: S1, yellow; S2, blue; S6, green; the S2-S3 loop (251-266), orange; and S3, S4, and S5, gray.
Fig. 2.
Ribbon diagram representation structure of domain 2 from horse plasma gelsolin including the loop that connects S2 to S3. The other five domains are omitted for clarity. S2 is colored blue and the loop connecting S2 to S3 is orange. The strands of the ␤-sheet are labeled AЈ to E in order from the N to C termini of the construct. The side chain of the FAF-associated mutation, residue D187, is illustrated as a ball and stick model, as are the three residues to which it is proposed to hydrogen bond in the native state (Q164, K166, N184). The two tryptophan (W180 and W200) fluorophores and the disulfide bond (C188 -C201) are also shown.
incubated for 18 h at the experimental temperature before measurements were made. Fluorescence measurements at 4°C were performed on an Aviv Model ATF105 Automated Titrating Differential͞Ratio Spectrofluorometer. Emission scans were recorded from 310-400 nm (excitation at 295 nm).
Preparation of WT, D187N, and D187Y S2loop for CD-based
denaturation. The fluorescence-based urea denaturation curves for the S2loop constructs could not be reliably fit because of steep pretransition baselines. In a manner similar to the S2 fluorescence samples, but without glycerol, 25-M S2loop samples were prepared for CD. Data were obtained at 4°C and 25°C.
Data analysis for urea denaturation. The raw data were processed by using EXCEL (Microsoft) and graphed by using KALEIDAGRAPH (Synergy Software, Reading, PA). Urea blanks were subtracted from each scan. The fraction of unfolded protein (F u ) at each urea concentration was calculated from the f luorescence intensity at 341 nm (S2) or the ellipticity at 217 nm (S2loop) by using Eq. 1, and fit to Eq. 3 by using a nonlinear least squares analysis (38) .
m is the dependence of free energy of unfolding on urea, D 1/2 is the concentration of urea at the midpoint of the transition, R is the universal gas constant, and T is the temperature in K. Values of m and D 1/2 were obtained from the fit. The free energy differences between the native and unfolded forms of domain 2 in the absence of denaturant, ⌬G N-U°, † were extrapolated by using Eqs. 4 and 5.
At the midpoint of the unfolding transition ⌬G N-U is equal to zero, therefore,
Results
Protein Expression and Purification. The proteins were expressed and purified as described. A redox buffer was used to promote disulfide bond formation between Cys-188 and -201 (39) . Protein purities were determined by SDS͞PAGE and electrospray ionization (ESI)-MS (supplementary Table 4 ). S2 D187Y was too prone to aggregation during purification to be analyzed as described here. PIP 2 binding demonstrated that the structures of the refolded constructs were functionally representative of domain 2 in the full-length protein. Two putative binding sites for PIP 2 in domain 2 of gelsolin have been identified (22) . Heiss & Cooper's gel filtration chromatography assay was used to discern the difference between the free and PIP 2 -bound proteins (36) . All peaks of all constructs in the presence of PIP 2 eluted after 9 min, whereas each protein alone eluted after 14 min (supplementary Fig. 7) .
Sedimentation equilibrium studies were performed to assure the monomeric nature of the constructs at the concentrations used for the biophysical studies. The molecular weights obtained from the single ideal species model for the S2 constructs are 13.56 Ϯ 0.06 and 12.88 Ϯ 0.16 kDa for the WT and the D187N mutant, respectively, and 12.23 Ϯ 0.96, 15.63 Ϯ 1.1, and 10.11 Ϯ 0.53 for WT, D187N, and D187Y S2loop constructs respectively (supplementary Fig. 8 A-E) . All values agree with the expected solution molecular weights. The thermal melts plotted as the fraction of unfolded protein as a function of temperature for the S2 and S2loop constructs are shown in Fig. 3 A and B . The solid lines are the least squares fits to the data determined by using Eq. 2 with the extracted data summarized in Table 1 . In the S2 construct, the T m for the WT protein is 6.0°C lower than that for the D187N mutant, whereas the T m values for the S2loop WT and D187N are identical. The data obtained for the D187Y mutant were not fit because this transition was not completely reversible; however, estimation suggests a T m 5°C lower than the WT protein. The D187Y S2loop variant appears to fold much more cooperatively than the WT or D187N proteins. The relative stabilities of the proteins cannot be quantified accurately without determining the temperature dependence of the heat capacity, but their T m values suggest similar thermal stabilities.
Urea-Induced Unfolding and Refolding Monitored by Fluorescence and
CD Spectroscopies. Solutions of native S2 WT and D187N (1 M) exhibit a broad fluorescence emission with a maximum at 341 nm (Fig. 4A) . In 5 M urea, the emission intensity is increased by 10-35% and the maximum is shifted to 355 nm. The native S2loop constructs exhibit emission maxima around 330 nm and, like the S2 proteins, have their emission shifted to 355 nm on denaturation in 5 M urea with a 46% (D187Y) to 185% (WT) increase in emission intensity (Fig. 4B ). This suggests that the native state S2loop tryptophans are in a more hydrophobic environment than those of the S2 and are strongly quenched by neighboring residues. † ⌬G°refers here to data collected at 4°C. The free energy of folding for all constructs was evaluated by urea denaturation. Fig. 5A shows the fraction of unfolded S2 WT and D187N as function of urea concentration in the presence of 10% glycerol at 4°C, as measured by fluorescence. For the S2loop variants, a strictly analogous thermodynamic analysis without added glycerol was performed by CD at 4 and 25°C (Fig.  5B, Table 2 ). Fluorescence-based denaturation curves (not shown) were also obtained for S2loop and found to be consistent with the CD data, although the pre-and post-transition baselines were very steep. The CD data were used for fitting. The linear extrapolation model (LEM) was used to extract free energy values at 0 M urea (⌬G°) from the denaturation curves (see Table 2 and ref. 38) . This model assumes that the unfolding transition exhibits two-state behavior and is reversible.
The data for the D187Y S2loop protein at 25°C were not analyzed because a pretransition baseline was not observed; however, at 4°C, pretransition baselines were evident. The m values of the WT and D187N proteins in each construct at 4°C are similar, but the D187Y S2loop m value is significantly higher. The differences in free energy [⌬(⌬G°)] between the WT and FAF variant proteins in 0 M urea for each construct were calculated by using data derived from the LEM. The S2loop D187Y variant was also compared in this fashion, although the LEM is most accurate for systems with similar m values (40, 41 (Table 2 ). An additional way to compare the WT S2loop construct with the D187N and D187Y variants is to examine them at a fixed urea concentration where an equilibrium between the folded and unfolded states exists for all three proteins (Table 3 ). This method suggests that D187Y is less stable (Ϸ1 kcal͞mol) than WT to the denaturing conditions provided by 2 M urea at 4°C.
Discussion
Interactions between domains of multidomain proteins have been shown to play important roles in modulating stability and structure. Studying individual domains is often the only practical method for characterizing the thermodynamic stability of large proteins, because multidomain proteins commonly exhibit complex transitions (42) .
The definition of a domain-the sequence extracted from a protein that represents both its functional and structural features in the context of the full-length protein-is critical. In the case of nonactivated gelsolin, domain 2 is positioned at one end of the molecule as seen in Fig. 1 . Solvent accessible surface area calculations show that 83% of the domain is exposed in the Ca 2ϩ -free full-length protein (INSIGHT II, Micron Separations). Two areas of domain 2 make interdomain contacts: strand AЈ at the edge of the sheet contacts the CЈ strand from domain 1, and two strands in the ␤-sheet (on the face opposite the loop) interact with a helix from domain 6. The FAF-associated mutations are located on strand C, which is not involved in interdomain interactions. The conclusions drawn here assume that the mutations will affect the energetics of domain 2 in a similar fashion whether studied as an independent domain or in the context of the six-domain protein.
It is difficult to predict a priori the sequence that defines an autonomous stable folding unit. Here the crystal structure was used to choose the domain 2 constructs studied within: S2, based on the common folding topology (residues 134-250), and S2loop (134-266), which adds a C-terminal extension of 16 residues. Although this loop does not adopt a regular secondary structure, it is significant because it packs against domain 2, covering the 172-173 proteolysis site and burying part of D187, W180, and the residues involved in the hydrogen bonding network. The side chain of L251 (in the loop) appears to interact with the residues that form the hydrophobic core of domain 2 (Fig. 6) . The S2 construct studied herein and the 151-266 construct studied previously (33) may not faithfully represent domain 2 in the context of the full-length protein as they lack the loop and strand AЈ, respectively. Additionally, the 151-266 construct was not demonstrated to be functional (33, 35) .
The S2loop construct appears to best represent domain 2 in the context of the entire protein. Thermal denaturation studies show that the WT and D187N T m values increase in the S2loop construct relative to their S2 counterparts (Table 1) ; however, these values cannot be directly compared because the S2 proteins were studied in the presence of 10% glycerol. The D187Y S2 construct was not stable enough to study, whereas the S2loop construct is amenable to biophysical examination. The higher level of protein expression, lower sensitivity to aggregation, and increased stability without glycerol suggest that the S2loop construct is more relevant to domain 2 as it exists in the entire Ca 2ϩ -free protein.
These results must be interpreted considering the evidence for the possible structural (20) and stability (34) differences between the active and inactive forms of gelsolin. If gelsolin is in an inactive form when it encounters the 172-173 protease, these results suggest that a factor other than thermodynamic instability allows proteolysis.
Effects of the Mutations on the S2 and the S2loop Constructs. D187N.
In the S2 constructs, the D187N mutation stabilizes the protein by 0.47 kcal mol Ϫ1 (in 10% glycerol), whereas in S2loop the same mutation is destabilizing by 0.16 kcal mol Ϫ1 ( derived from studying the 151-266 construct (33) .
These findings suggest that the D187N protein is very similar to the WT. Native state fluorescence, m values, minor differences in stability, and similar general behavior in our hands indicate that WT and D187N are almost identical. It is unlikely that the small differences in stability found here would shift the equilibrium from the native state to the denatured state sufficiently to completely explain D187N proteolysis and amyloidogenicity. Other mechanisms, such as the effects of Ca 2ϩ activation, must be considered. Table 2 because of standard differences in calculation methods. D187Y. The m value derived from urea denaturation of D187Y is significantly higher than that of the WT or D187N ( Table 2) . The m value correlates with the change in accessible surface area (ASA) on unfolding (⌬A) (41) . The higher m value for the D187Y mutant likely reflects an increase in ⌬A over the WT protein; this could result from either an increase in the ASA of the unfolded form or a decrease in the ASA of the native form (40, 41) . Several mutants of staphylococcal nuclease with large m values were shown to be unfolded to a greater extent in the denatured state, a factor that may contribute in this case (40, 43) . The 44% increase in ASA is hard to explain by native state changes; however, the dramatic differences in the native state fluorescence of the D187Y variant relative to WT and D187N suggest that native state differences may exist. The presence of a folding intermediate usually lowers the m value and thus is not applicable here (44, 45) . Another possible explanation for the large m value is aggregation during denaturation; however, excellent fits to a monomer in 1.75 M urea for all three S2loop proteins were observed by equilibrium ultracentrifugation studies (data not shown).
The LEM estimates D187Y to be more stable than WT in 0 M urea and thus appears to break down in this case. All other data indicate that D187Y is less stable than the WT. Each method of analysis used argues that any destabilization is considerably less than the 2.16 kcal mol Ϫ1 derived from biophysical studies on the construct missing the AЈ strand at 15°C (151-266; see ref. 33 ). The minor free energy change found for D187Y may not be sufficient to explain protease sensitivity during export; thus, it is important to keep open the possibility that other factors, such as Ca 2ϩ -induced structural or stability changes, may contribute.
All of the data describing the D187Y mutant argue that the D187Y native state differs from that of the WT in a manner currently unknown. D187Y expression levels are lower, it is more sensitive to concentration-dependent aggregation, and its thermal denaturation is irreversible. Native state fluorescence of the D187Y protein is red shifted and significantly less quenched than the WT or D187N. The D187Y m value differs considerably from that of the WT, indicating differences between the native or denatured states of the proteins.
The data suggest that the D187N protein is similar to the WT in the native state, whereas the D187Y mutant may be significantly different. Despite this, both mutations enable aberrant proteolysis and subsequent amyloid deposition leading to FAF. That the two mutant proteins may have significantly different native state structures, but are both proteolyzed and deposited as fibrils, indicates that these two mutants may follow significantly different pathways to amyloidosis. Thus, the mechanism that allows proteolysis and deposition for one mutant may not operate in the case of the other.
Conclusions
Based on the structure of gelsolin and the biophysical data presented within, the S2loop construct (134-266) appears to be appropriate to represent domain 2 in the context of the fulllength protein. Data indicate that the D187N construct is similar in structure and stability to the WT domain whereas D187Y may adopt a significantly different native state structure. It is unlikely that the destabilization of the D187N or D187Y variants in the absence of added calcium is sufficient to explain the protease sensitivity and amyloidosis associated with FAF.
